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Abstract 
The separation of aromatic and aliphatic hydrocarbons is a challenging process in the petrochemical industry. At present time, liquid-liquid 
extraction using volatile organic compounds (VOCs) has been widely practiced in the industry. Nevertheless, in the line with “green” 
technology, the use of VOCs have to be reduced as it cause pollution to environment. Recently, deep eutectic solvent (DES) have been viewed 
as alternative “green” solvent when compare to VOCs. Aimed at proposing “greener” solvent for liquid-liquid extraction of aromatic 
compounds from aliphatic hydrocarbon, in this work,novel ternary phase diagram composed of {hexane (1) + aromatic compounds such as 
benzene, toluene, or pyridine (2) + DES (3)} were determined at 298.15 K and at atmospheric pressure. The studied DES was prepared 
straightforwardly from choline chloride and glucose, and was displayed liquid form at room temperature. The phase equilibrium involving the 
studied DES were analyzed in term of the selectivity and solute distribution ratio and were compared with sulfolane, an organic solvent that 
currently used in industry as the benchmarked. Even though the studied systems showed lower distribution ratio when compare to sulfolane, the 
former systems displayed higher selectivity indicating the potential use of DES as potential solvent for the separation of aromatic from aliphatic 
hydrocarbons.  
© 2016 The Authors. Published by Elsevier Ltd. 
Peer-review under responsibility of the organizing committee of ICPEAM 2016. 
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1. Introduction 
The separation of aromatic and aliphatic compounds is one of the most challenging process in the petrochemical industry for 
two reasons: the first, these hydrocarbons have proximity boiling points, and the second,these hydrocarbons have highaffinity 
toward each other, and therefor lead to the formation ofazeotropes. Currently, liquid-liquid extraction is the most 
extensivelymethod for the separation of aromatic compound from aliphatic hydrocarbons. Some conventional organic solvents, 
such as sulfolane[1, 2] and glycols [3]are utilized for this process. These organic solvents are generally toxic and volatile, thus, 
generate environmental problem. With constant challenge to minimize the environmental damages caused by these conventional 
organic solvents, thus it is important to develop an alternative safer and “greener” method for the production of virtually aromatic 
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free product. Ionic liquids (ILs) are new class of compounds that have been extensively studied as alternative solvent to replace 
volatile organic compounds (VOCs) currently used in numerous chemical reaction and separation process, including for the 
separation of aromatic-aliphatic hydrocarbon[4]. The interest in utilizing ILs arises from the fact that these fluids have negligible 
vapor pressure and volatility – the practicalities that cannot be offered by organic solvents. Broad range of ILs have been reported 
for this particular application and have been summarized in an excellent overview by Ferreira and co-workers[5]. While ILs have 
been proven as potential alternative “green” solvent, its elevationin price when compare to organic solvent should be taken in-
depth when developing these fluids as solvent for separation process[4].  
Recently, ILs analogues, known as deep eutectic solvents (DESs), have been recognized as alternatives to traditional VOCs 
and ILs themselves[6, 7]. The concept of DESs was first coined by Abbot and co-workers[8] as a type of solvent composed of a 
mixture that forms an eutectic with much lower melting point than either of the individual components. In general, DESs are 
composed by salt with one or more hydrogen-bond donor compounds. It should be highlighted that DESs share similar 
thermopyhsical properties with ILs, such as negligible vapor pressure and non-flammable, however it can be simply formed by 
mixing two or more components under modest operation conditions. In addition, unlike ILs, DESs can be prepared from 
reasonably priced materials. Among various DESs, choline chloride ([Ch]Cl) is the most popular component studied as it is 
biodegradable and non-toxic salt. Not surprisingly, many new DESs have been rapidly developed as designer solvents for various 
application such as electrodeposition, organic synthesis, and separation process[7]. 
Aimed at proposing “greener” solvent and taking into account the advantageous of DESs, in this work, DES composed by 
[Ch]Cl and D-glucose was prepared and its ability on extracting aromatic compound from aliphatic hydrocarbon was measured. 
D-glucose was chosen as component to form DES as it is widely available with reasonable price, yet less studied. To our 
knowledge, there is only one report regarding preparation of this type of DES[9], and their performance as solvent for extraction 
process is yet to be investigated. Three different aromatic compounds, namely benzene, toluene, and pyridine were investigated, 
thus allow us to study the impact of its chemical structure on the liquid-liquid extraction. The performance of the studied DES 
would be evaluated based on the solute distribution ratio (β) and selectivity (S) calculated from the liquid-liquid equilibrium 
(LLE) data.  A comparison of our results with those previously reported in the literature for the ternary system hexane + benzene 
+ sulfolane[2] would also be discussed. 
2. Experimental Section 
2.1. Chemicals 
Cholinium chloride (purity >99%), D-glucose (purity >98%), benzene (purity >99%), toluene (purity >98%), pyridine (purity 
>99%), and hexane (purity >98%) were purchased from Merck (Darmstadt, Germany). The chemicals were used without 
purification. 
2.2. Preparation of DES 
The DES was prepared by mixing 1:1 ratio of [Ch]Cl to glucose according to the method reported in the literature [9]. In brief, 
the mixture was stirred under constant speed at 500 rpm and at 353.15 K until a homogenous transparent colorless liquid was 
formed.  
2.3. Liquid-liquid Equilibrium 
The LLE data for the studied systems were determined at 298.15 K in 8 ml vials with screw caps providing hermetic sealing 
and magnetic bar. The mixtures of hexane + benzene, or toluene, or pyridine + DES were prepared using a Mettler Toledo XS 
205 balance with a precision of ± 1 × 10-5 g. The estimated uncertainty of the feed in mole fraction was lower than 0.0005. The 
mixture was vigorously agitated and allowed to reach the saturation equilibrium for 24 hours to ensure a complete separation of 
the two phases and their saturation. The compositions of the hexane-rich phase (raffinate) were determined using an Agilent 
7890A gas chromatograph with a flame ionization detector (FID) and a HP-5 Agilent column with 30 m × 0.320 mm × 0.25 μm 
dimensions. The temperature of the injection port, oven, and FID was set to 523, 348, and 573 K, respectively. The flow of 
helium carrier was controlled at 2 mL·min-1. Five samples of raffinate were injected three times in the GC using autosamples 
Agilent 7693, and the results shown here are the average compositions.  
3. Results and Discussions 
The LLE experiment data for ternary systems {hexane (1) + benzene, or toluene, or pyridine (2) + DES} at temperature 
298.15 K and at atmospheric pressure are reported in Table 1, and their corresponding triangular phase diagrams are shown in 
Figures 1-3. Using the 1H-NMR analysis, samples from hexane-rich phases were confirmed to be free from DES (or beyond the 
NMR detection limit). This is important advantageous of DES as solvents compare to organic solvents, since this fact could 
reduce the number of purification steps in the aromatic extraction unit and thus, reducing its operating cost. 
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By inspection of Figures 1-3, it can be observed the phase behavior of the ternary mixtures. First, the studied aromatic 
compounds (benzene, toluene, and pyridine) are totally miscible with hexane and partially immiscible with DES. Second, hexane 
is immiscible with the studied DES. According to the classification proposed by Sorensen and co-worker[10], these ternary phase 
diagrams correspond to the Type 2 category, with wide immiscibility zone between hexane and DES. In addition, the positive 
slope of the tie-lines indicates that the solubility of the studied aromatic hydrocarbon in DES is much higher than that of hexane. 
The tie-lines covers almost all the triangular diagrams, which indicate that a good separation of the aromatic compounds from 
hexane using the studied DES is possible.  
 
 
Table 1. Experimental LLE data in mole fraction (x) for the ternary systems of {hexane (1) + aromatic compounds (2) + DES 
(3)} at temperature 298.15 K and atmospheric pressure along with the solute distribution ratio (β) and selectivity (S) values 
calculated using Equations 1 and 2, respectively. 
 
I
1x  
I
2x  
II
1x  
II
2x  β S 
Hexane (1) + benzene (2) + DES (3) 
0.9474 0.0526 0.0032 0.0064 0.12 36.05 
0.8889 0.1111 0.0028 0.0120 0.11 34.05 
0.7500 0.2500 0.0022 0.0212 0.08 29.43 
0.6667 0.3333 0.0018 0.0247 0.07 26.80 
0.5897 0.4103 0.0022 0.0381 0.09 24.52 
0.5146 0.4854 0.0020 0.0426 0.09 22.33 
0.4786 0.5214 0.0019 0.0447 0.09 21.32 
0.4615 0.5385 0.0012 0.0298 0.06 20.74 
0.1818 0.8182 0.0005 0.0335 0.04 13.62 
0.1765 0.8235 0.0008 0.0517 0.06 13.58 
Hexane (1) + toluene (2) + DES (3) 
0.8889 0.1111 0.0028 0.0051 0.05 14.27 
0.7499 0.2501 0.0022 0.0091 0.04 12.53 
0.6667 0.3333 0.0018 0.0107 0.03 11.56 
0.5714 0.4286 0.0015 0.0121 0.03 10.53 
0.5385 0.4615 0.0014 0.0119 0.03 10.18 
0.5059 0.4941 0.0020 0.0191 0.04 9.88 
0.4615 0.5385 0.0012 0.0133 0.02 9.42 
0.4286 0.5714 0.0012 0.0149 0.03 9.11 
0.3333 0.6667 0.0009 0.0144 0.02 8.24 
0.3333 0.6667 0.0011 0.0179 0.03 8.25 
0.2500 0.7500 0.0009 0.0209 0.03 7.55 
0.1856 0.8144 0.0009 0.0279 0.03 7.05 
0.0526 0.9474 0.0003 0.0302 0.03 6.05 
Hexane (1) + toluene (2) + DES (3) 
0.7614 0.2386 0.0028 0.1576 0.66 177.16 
0.6093 0.3907 0.0027 0.1785 0.46 103.80 
0.5850 0.4150 0.0027 0.1800 0.43 95.26 
0.5521 0.4479 0.0026 0.1818 0.41 84.78 
0.5293 0.4707 0.0026 0.1828 0.39 78.20 
0.5127 0.4873 0.0026 0.1835 0.38 73.70 
0.4741 0.5259 0.0026 0.1849 0.35 64.16 
0.3608 0.6392 0.0025 0.1890 0.30 42.46 
0.2655 0.7345 0.0024 0.1939 0.26 29.69 
0.1843 0.8157 0.0021 0.2007 0.25 21.67 
0.1143 0.8857 0.0016 0.2091 0.24 16.38 
0.0534 0.9466 0.0010 0.2191 0.23 12.74 
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Figure 1. Tie-lines for ternary mixture of {hexane + benzene + DES} at temperature 298.15 K. 
 
 
 
Figure 2. Tie-lines for ternary mixture of {hexane + toluene + DES} at temperature 298.15 K. 
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Figure 3. Tie-lines for ternary mixture of {hexane + pyridine + DES} at temperature 298.15 K. 
 
 
From tie line compositions, the selectivities (S) and solute distribution ratios (β) which provide a quantitate idea of the 
distribution in the equilibrium phase, were calculated using Equations 1 and 2: 
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x
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2 E    (2) 
wherex is mole fraction, subscript 1 and 2 are aliphatic and aromatic compounds, respectively; and superscript I and II are 
hydrocarbon-rich phase and DES-rich phase, respectively. These two parameters were used to evaluate the possible use of the 
studied DESs as solvents for the liquid-liquid extraction of aromatic compounds from their mixtures with aliphatic hydrocarbons. 
The values obtained for these parameters are reported in Table 1 and plotted in Figure 4. As it can be observed, the S values are 
higher than 1 for the three studied ternary systems, indicating that the studied DES could be used as solvents for separation of 
aromatic and aliphatic hydrocarbons. Regarding the solute distribution ration, although the values obtained for the studied 
systems are lower than unity, which indicate that big amount of solvent is necessary; this fact should not be considered a big 
concern because DES can be recovered and reused. Closer look at Figure 4 reveals that both S and β values decrease with 
increasing the aromatic concentration in the hydrocarbon-rich phase. In addition, the structure of the aromatic compounds have 
influence on the S and β, with the system containing pyridine shows the highest values – much higher than those obtained for the 
other two system; follow by benzene and at last, toluene. These rank of aromatic compounds might be addressed due to their 
polarity. The presence of nitrogen atom in the aromatic ring of pyridine enhance their interaction with DES and ultimately, lead 
to high S and β values. On the other hand, adding methyl group to the aromatic ring of benzene lead to slightly decrease the 
polarity of toluene and therefore, the latter compound has the lowest S and β values. 
Finally, as example, S and β values reported in this work for the ternary {hexane + benzene + DES} were compared with the 
data found in the literature for sulfolane[2], the solvent that currently used in the industry as the benchmark. As it can be 
observed, the S value for the system containing DES is higher than those published with sulfolane. The higher the selectivity, the 
higher the aptitude of the solvent to extract benzene over hexane, and thus, avoiding the cross-contamination of hexane toward 
the solvent and vice-versa. This evident have also been supported by 1H NMR spectrum from the raffinate phase, where there is 
no DES peak were found. On regard to the solute distribution ratio the values for ternary system containing DES is quite lower 
than those obtained when sulfolane is used as solvent. Nevertheless, as it was previously mentioned, this fact should not be 
considered as a problem, since DES can be recovered and reused. In any case, new DES should be explored in the future in order 
to obtain solvents with higher extraction ability. 
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Figure 4. (a) Selectivity and (b) solute distribution ratio as function of molar fraction of aromatic compounds in the hexane-rich 
phase for the ternary systems: (■), {hexane + benzene + DES}; (▲),{hexane + toluene + DES}; (♦), {hexane + pyridine + DES}, 
and (□), {hexane + benzene + sulfolane} [2]. 
 
4. Conclusions 
In this study, the experimental LLE data for three novel ternary systems {hexane (1) + pyridine, or benzene, or toluene (2) + 
DES (3)} were determined at temperature 298.15 K and at atmospheric pressure. From the compositions of the conjugate phase 
in the equilibrium, the selectivity and solute distribution ratio were calculated. The selectivity values are higher than unity for all 
the studied ternary systems, which confirms that the studied DES could be used as potential solvents for the separation of 
aromatics from aliphatic hydrocarbons. However, the studied systems show very low solute distribution ratios, which indicates 
that a large amount of DES is required. Nevertheless, as DES is known to be non-volatile, this should not be a problem, since it 
can be recycled and reused. 
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